. Similarly, inhibition of neural electrical that the same ephrin/Eph genes unexpectedly control activity has been shown to result in a disruption of area the inter-areal specificity of TC projections through specificity of TC projections in the ferret visual cortex the early topographic sorting of TC axons in an inter-(Catalano and Shatz, 1998). mediate target, the ventral telencephalon. Our results
. study of the TC projections in ephrin/Eph compound These gradients match one another, given the known mutant mice. This approach first allowed us to demon-VB to S1 topography, with the medial part of VB prostrate in vivo that ephrin-A5/EphA4 interaction is rejecting to the lateral part of S1, and the lateral part quired for the topographic mapping of TC axons within of VB projecting to the medial part of S1 ( Figure 1C ; the somatosensory area. To our surprise, analysis of
Vanderhaeghen et al., 2000). ephrin-A5/EphA4 mutants also revealed defects in the
We first performed retrograde axon tracing studies of area specificity of TC projections, with axons from the mice with targeted deletions of ephrin-A5 (Frisen et al., motor nucleus VL projecting aberrantly to the S1 area. ) . Surprisingly, the ephrin-A5/EphA4 DKO mice also display ectopic cells located outside the VPM (H, arrowheads).
1998) and EphA4 (Kullander et al., 2001), as well as on Expression and axon tracing studies centered on early ephrin-A5/EphA4 double mutants (DKO

Scale bars equal 1500 m (B and C) and 400 m (D-H). Lateral is left, dorsal on top for (B)-(H).
analysis to the topography of projections from the VPM could be detected within the VPM, which were consistently located more medially than the normal cluster to the S1 "barrel" cortex (which corresponds to the trigeminal representation), as the pattern of VPL to so-(fully penetrant phenotype found in 8/8 DKO animals tested; arrows in Figure 2H ; see also Figures 3 and 4). matosensory cortex projections (which corresponds to the representation of the rest of the body) is much less Importantly, ectopic cells were never found more laterally than the normal cluster, or in the VPL, implying precise, thereby precluding a sensitive and specific analysis of the mutants.
that the observed defect is a topographically specific defect. The intra-areal topographic defect found in In wild-type (wt) animals (n ϭ 15), a single injection of DiI in the S1 barrel cortex (Figures 2A and 2B ) systemephrin-A5/EphA4 mutants displays a strict correlation with the high-medial to low-lateral gradient of EphA4 in atically results in a robust retrograde labeling of a single cluster of cells in the VPM (Figures 2D and 2E ). Similar the late embryonic and postnatal thalamus ( Figure 1C ), implying that only neurons that normally display high injections in EphA4 mutants revealed that, in spite of a grossly normal TC topography, in some animals (43%; EphA4 receptor levels are affected and develop aberrant projections to the S1 cortex. n ϭ 16) retrogradely labeled cells were located more medially than the normal cluster (arrows in Figure 2G ). This defect was never detected in ephrin-A5 mutants ephrin-A5/EphA4/EphA7 Interactions Are Required for the Area Specificity of TC Projections between ( Figure 2F ; n ϭ 15; Vanderhaeghen et al., 2000). As genetic redundancy with other ephrin/Eph genes could Motor and Somatosensory Systems In addition to this intra-areal topographic defect, retrobe an obvious reason for subtle phenotypes, we next focused on ephrin-A5/EphA4 double mutants (DKO). In gradely labeled neurons were unexpectedly detected outside of the VPM/VPL in the ephrin-A5/EphA4 DKO these mutants, the topography was much more severely affected ( Figures 2C and 2H ): in addition to a grossly (arrowheads in Figure 2H ). These neurons were located in a nucleus more medial and rostral than the VPM/VPL normal cluster, a cloud of retrogradely labeled cells suggesting that ephrin-A5 interacts with EphA4 to control inter-areal specificity but that other genes are also (VL) nucleus, which normally projects to the rostrally located motor cortex, but not to the parietal S1 cortex involved. This possibility prompted us to perform the same TC (Figures 3A-3D ; Donoghue et al., 1979; Crandall and Caviness, 1984; Aldes, 1988). In the DKO mice, the distriaxon tracing analysis on EphA7 mutant mice, as this gene was previously reported to be expressed in a gradibution of the ectopic neurons labeled after injections in the S1 cortex ( Figures 3E-3G ) corresponded to the VL ent in the thalamus (Sestan et al., 2001 ). Single and double axon tracing analysis revealed a similar defect nucleus labeled after injection in the rostrally located motor cortex of wt mice ( Figures 3C and 3D) . in these mutants, with VL neurons displaying the same abnormally divergent connectivity to motor and somatoThese observations indicate that at least a subset of VL axons project ectopically to S1 cortex in the mutants.
sensory cortex (50% of the animals tested, n ϭ 12; Figures 4I-4O ). Interestingly, we were unable to detect To test whether the VL nucleus was still projecting to the motor cortex in the mutants, we performed double any disruption of VB to S1 topography in EphA7 mutants (Figure 4 and data not shown), suggesting that the mechtracer injections in the motor (using fast blue) and S1 (using DiI) cortex. This further confirmed that in the DKO anisms underlying the intra-areal and inter-areal defects found in ephrin/Eph mutants may be distinct. mice, unlike in wt mice ( Figures 4A-4D) , a large proportion of cells from the VL nucleus projected to both the motor cortex and to S1 cortex, thus adopting an abnorComplementary Gradients of EphA Receptors in the Early Developing Dorsal Thalamus mally divergent and caudalized pattern of projection ( Figures 4E-4H) . In wt and mutant mice, no cells from and ephrin-A Ligands in the Ventral Telencephalon These data provide strong evidence that ephrin-A5 and the VPM were labeled following injections in the motor cortex (Figure 4 and data not shown), suggesting that its receptors EphA4/EphA7 are involved in vivo in the control of inter-areal specificity of thalamocortical conthe defect observed was topographically restricted to the rostrally located VL nucleus. The VL to S1 mismatch nections. What could be the underlying mechanism? The complementary gradients of cortical ephrin-A5 and was fully penetrant in ephrin-A5/EphA4 mutants (observed in all DKO animals tested; n ϭ 8/8) and was also its receptors in the thalamus that we previously described ( 
stages, while the generation of area specificity has been
We next examined expression of ephrin-A ligands in the early forebrain, paying specific attention to gradients shown to arise much earlier in development (at E14-E16 in the mouse) (Catalano et al., 1996) . of ephrins that would be complementary with the graded EphA receptors found in the thalamus. We found that as As a next step, we therefore performed an expression study focused on ephrin/Eph genes in the early developearly as E13.5, i.e., when TC axons pioneer the internal capsule, ephrin-A5 displays a striking high-caudal to ing forebrain. Three EphA receptors, EphA3-4-7, were found to be expressed in a high-rostral/medial to lowlow-rostral pattern of expression in the ventral telencephalon (Figures 5F and 6D; two-way ANOVA p Ͻ 0.001; n ϭ 7 explants for each axons but that other ephrins are likely to act in concert with ephrin-A5 in the ventral telencephalon. condition). In these conditions, rostral TC axons were thus adopting the behavior of axons from more caudally located thalamic domains. A similar effect could be seen ephrin-A5/EphA4 Interactions Are Required for the Early Topographic Sorting of Thalamocortical using other ephrin/Eph antagonists (EphA3AP and ephrin-A5-Fc), while no effect could be seen on axons Projections to the Telencephalon In Vivo To assess whether ephrin/Eph genes were also required from the caudal thalamus (data not shown).
In order to strengthen these findings and to relate in vivo for the topographic sorting of TC axons, we next performed anterograde tracing experiments on wt and them to our observations in ephrin/Eph mutants, we performed the assay by coculturing wt rostral thalamus ephrin-A5/EphA4 DKO mutants, using focal DiI labeling restricted to the rostral third of the embryonic thalamus with ventral telencephalon from ephrin-A5 Ϫ/Ϫ embryos. Again, a caudal shift of rostral TC axon outgrowth was (Figure 7) . We focused our analysis on E16. Here we demonstrate that ephrin/Eph genes are required in vivo for the development of area-specific and to reach the ventral telencephalon (point of reference 0 in Figures 7D and 7F ) and the caudal-most level where topographic TC projections, which constitutes the first identification of guidance cues involved in both aspects TC fibers could still be found in the ventral telencephalon for each genotype: this distance was more than doubled of TC mapping. We also provide evidence that for each particular aspect of TC mapping, ephrin/Eph genes are in the mutants when compared to wt (Figure 7E lateral is left, dorsal on  top) . ephrin-A5 and EphA4 are expressed in complementary gradients in VB and S1, respectively. These gradients match one another, given the known VB to S1 topography, with the medial part of VB (axons in blue) projecting to the lateral part of S1 and the lateral part of VB (axons in red) projecting to the medial part of S1. In the wt situation, ephrin-A5 mediates a repulsive activity on axons (shown in blue) from the medial VB displaying high amounts of EphA4 receptor. In the absence of both genes, axons from the medial VB send ectopic projections (pink dashed lines) to medial domains of S1, although some topography is preserved, suggesting some compensatory mechanisms by other ephrin/Eph genes remaining in the system (ephrin-AX, EphAX). The intra-areal defect could already be detected with low penetrance in EphA4 mutants, while it could not be there is so far no direct evidence for the involvement of any guidance cues in the generation of cortical maps. detected in ephrin-A5 mutants, which highly suggests that other ephrin/Eph genes act in concert with ephrinThis work constitutes the first in vivo demonstration for the requirement of such cues and demonstrates that A5/EphA4 to control TC intra-areal topography. EphA3-7 in the thalamus and ephrin-A2/3 in the cortex constitute they act as genuine topographic labels, much like in lower systems.
potential candidates, as they are expressed in VB and S1, respectively, at relevant developmental stages (A.D. Indeed, ephrin-A5 and its receptor EphA4 are expressed in matching complementary gradients in the and P.V., unpublished data). Axon tracing analysis of mice mutant for these genes, alone and in combination, rodent primary somatosensory cortex (S1) and thalamus (VB) at perinatal stages (Figure 1 . It certainly will be worth revisiting dients found for EphA3/4/7 in the thalamus and ephrinsome of the earlier work on the extrinsic and intrinsic A5 in the ventral telencephalon, suggesting that these control of cortical patterning in the light of our findings. receptors and this ligand may be involved in the initiation For instance, the previously reported failure to detect of topography of TC projections.
any area-specific cues in the cortex using thalamo-cortiUsing a novel thalamic-telencephalic coculture assay cal coculture assays could be related to the fact that that recapitulates the early topographic sorting of TC ventral telencephalon was not included in these in vitro axons observed in vivo, we provide direct evidence that paradigms ( . Animals were sacrificed 1 to 2 days later and fixed by perfusion, and forebrain was vibratome sectioned Transgenic Mice, Breeding, and Genotyping Timed-pregnant mice were obtained from Harlan and from local at 200 m. After examination of the sections using fluorescence microscopy, only the cases where the injections were restricted colonies of mutant and wt mice. The plug date was defined as embryonic day E0.5, and the day of birth as P0.
to the cortex without encompassing the white matter were further analyzed to preclude artifacts due to dye uptake by fibers en pasephrin-A5 mutants were described previously (Frisen et al., 1998) . The generation of a replacement-type targeting vector for EphA4 sant. Localization of the injection sites were also checked on some animals using bisbenzimide nuclear staining as well as cytochrome was described (Kullander et al., 2001) . Inactivation of EphA4 was
